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Histone locus bodySurvival motor neuron protein (SMN) is the determining factor for the human neurodegenerative disease
spinal muscular atrophy (SMA). SMN is critical for small nuclear ribonucleoprotein (snRNP) assembly. Using
Drosophila oogenesis as a model system, we show that mutations in smn cause abnormal nuclear
organization in nurse cells and oocytes. Germline and mitotic clonal analysis reveals that both nurse cells and
oocytes require SMN to maintain normal organization of nuclear compartments including chromosomes,
nucleoli, Cajal bodies and histone locus bodies. We previously found that SMN-containing U bodies invariably
associate with P bodies (Liu, J. L., and Gall, J. G. (2007). U bodies are cytoplasmic structures that contain
uridine-rich small nuclear ribonucleoproteins and associate with P bodies. Proc. Natl. Acad. Sci. U. S. A. 104,
11655–11659.). Multiple lines of evidence implicate SMN in the regulation of germline nuclear organization
through the connection of U bodies and P bodies. Firstly, smn germline clones phenocopy mutations for two P
body components, Cup and Ovarian tumour (Otu). Secondly, P body mutations disrupt SMN distribution and
the organization of U bodies. Finally, mutations in smn disrupt the function and organization of U bodies and
P bodies. Taken together, our results suggest that SMN is required for the functional integrity of the U body–P
body pathway, which in turn is important for maintaining proper nuclear architecture.© 2009 Elsevier Inc. All rights reserved.Introduction
Spinal muscular atrophy (SMA) is the leading genetic cause of
childhoodmortality and one of themost common autosomal recessive
diseases (Pearn, 1978). SMA is characterized by the degeneration of
alpha motor neurons in the anterior horn of the spinal cord (Munsat
and Davies, 1992). Clinically heterogeneous, SMA can be divided into
subtypes based on the age of onset and severity of the syndrome. In
most cases, SMA is caused by deletions or mutations in the survival
motor neuron (SMN1) gene. SMN1 and its homolog SMN2 lie within a
large inverted repeat on human chromosome 5q13 (Brzustowicz et al.,
1990; Gilliam et al., 1990; Lefebvre et al., 1995). The SMN2 gene differs
from the SMN1 gene by a critical C–T transition within exon 7. This
alters its splicing efﬁciency and results in predominantly high
expression of a non-functional isoform, as well as low expression of
full-length SMN transcripts (Lorson et al., 1999).When the SMN1 gene
is disrupted, the low levels of full-length SMN protein produced by the
SMN2 gene appear insufﬁcient to maintain motor neuron survival
resulting in SMA (Kashima and Manley, 2003). The severity of SMA is
inversely correlated to the amount of full-length SMN protein
produced by the SMN2 gene (Kashima and Manley, 2003). Studyingl rights reserved.the physiological and molecular function of the SMN protein is critical
to understand the pathological mechanism of SMA.
SMN is highly conserved from ﬁssion yeast to humans (Talbot et al.,
1997). In the past decade, SMAdiseasemodels have been developed in
yeast (Hannus et al., 2000; Paushkin et al., 2000; Talbot et al., 1997),
nematode (Burt et al., 2006; Culetto and Sattelle, 2000; Miguel-Aliaga
et al., 1999), ﬂy (Chan et al., 2003; Lee et al., 2008; Miguel-Aliaga et al.,
2000), zebraﬁsh (McWhorter et al., 2003), and mouse (Hsieh-Li et al.,
2000; Monani et al., 2000, 2003). Animal models with lower levels of
SMN display neuromuscular defects.
Biochemical studies suggest that SMN, together with other
proteins, form a complex required for small nuclear ribonucleoprotein
(snRNP) biogenesis (Meister et al., 2001a,b, 2002; Pellizzoni et al.,
2002; Battle et al., 2006a; Fischer et al., 1997; Liu et al., 1997; Steitz
et al., 1988). The complex assembles snRNPs by binding directly to
seven Sm/Lsm proteins facilitating non-promiscuous assembly onto
small nuclear RNAs (snRNAs) via sequence speciﬁc binding (Battle
et al., 2006b). The SMN complex may also function in the assembly,
metabolism, and transport of a diverse number of other ribonucleo-
proteins (Battle et al., 2006a). snRNPs not only localize to the nucleus,
but also concentrate in speciﬁc structures in the cytoplasm U snRNP
bodies (U bodies) (Liu et al., 2006b; Liu and Dreyfuss, 1996). SMN is
enriched in U bodies, suggesting that they may be speciﬁc sites for
snRNP assembly and/or snRNP storage.
143L. Lee et al. / Developmental Biology 332 (2009) 142–155RNA regulation and transport have been extensively studied in
Drosophila oogenesis (Johnstone and Lasko, 2001). Germline stemcells
produce cystoblasts which divide synchronously four times to form a
cyst of 16 cells (Spradling, 1993; Fig. S1A). Only one germline cell
becomes the oocyte, the other 15 cells differentiate as nurse cells
which supply essential macromolecules to the developing oocyte.
After germline cell fate is determined, nuclear organization undergoes
a dramatic change. The oocyte nucleus, or germinal vesicle (GV),
becomes transcriptionally silent and the chromosomes are condensed
in a structure known as the karyosome. The nurse cell chromosomes
appear blob-shaped in early stages, reﬂecting the progressive
condensation of euchromatin. At stage 6 of egg chamber maturation,
the nurse cell chromosomes start to disperse.
Several genes involved in RNA regulation have been shown to
affect the morphology of nurse cell and oocyte nuclei. These include fs
(2)B (King et al., 1957), ovarian tumor (otu) (King et al., 1981), squidFig. 1. Expression and localization of the SMNprotein during oogenesis. Ovaries from yw ﬂies s
Germarium and early egg chambers. SMN is expressed at amuch higher level in germline cells t
the cytoplasm and in Cajal bodies in nurse cell nuclei. This image shows one projection using
captured. (C) Zoom-in of a portion of panel B showing that both U bodies (arrows) and Cajal bo
cells and the oocyte with enrichment at the cortex.(Matunis et al., 1994), cup (Keyes and Spradling, 1997), half pint (Van
Buskirk and Schupbach, 2002), and hrb27C (Goodrich et al., 2004).
Previous studies have shown that many of these interact genetically,
suggesting that they function in a common pathway (Goodrich et al.,
2004; Keyes and Spradling, 1997).
Cup is an eIF4E binding protein involved in translational regulation
(Nakamura et al., 2004; Nelson et al., 2004; Wilhelm et al., 2003).
Interestingly, both Cup and eIF4E colocalize in the same cytoplasmic
structures, termed processing bodies (P bodies) (Wilhelm et al., 2003,
2005). Increasing numbers of components have been found to be
located in P bodies in yeast (Sheth and Parker, 2003), ﬂy (Lin et al.,
2006;Wilhelm et al., 2005;Wilsch-Brauninger et al.,1997), worm (Lall
et al., 2005), and vertebrate cells (Bashkirov et al., 1997; Eystathioy et
al., 2002). The P body plays a role in mRNA decay, surveillance,
translational repression andRNA silencing (Jakymiwet al., 2005, 2007;
Liu et al., 2005; Parker and Sheth, 2007). Therefore, P bodies aretainedwith an antibody against SMN(green). DNA is stainedwithHoechst (magenta). (A)
han in somatic follicle cells. (B) Stage 8 egg chamber showing SMNenriched inU bodies in
confocal microscopy therefore only U bodies and Cajal bodies in the same focal plane are
dies contain SMN. (D) Stage 10 egg chamber showing U bodies in the cytoplasm of nurse
Fig. 2. Expression of the SMN protein in y w and smnA/ovoD1 (smn GLC) ovarioles. DNA is stained with Hoechst (white in A and D, magenta in C and F). (A–C) In y w ovarioles, SMN is
highly expressed in germline cells. (D–F) The yeast ﬂipase recombination target site-speciﬁc recombinase-dominant female sterile system (FLP-DFS) was used to generate egg
chambers mutant for smn. The dominant female sterile mutation ovoD1 causes germ cells to degenerate beyond stage 4 of oogenesis so that the only surviving cells are those that are
homozygous for smnA. Chromosome arms with ovoD1 and smnA adjacent and distal to the Flipase Recombination Target (FRT) site are generated, therefore following recombination
catalysed by a heat shock inducible ﬂipase enzyme, only daughter cells that have lost ovoD1 and thus homozygous for smnA survive beyond stage 4. In smnA GLC ovarioles, SMN is
detectable in some germaria and early stage egg chambers (smnA/ovoD1 or ovoD1/ovoD1) but undetectable in egg chambers after stage 4.
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(Eulalio et al., 2007). Intriguingly, U bodies always associate with P
bodies, which raises the question whether U bodies and P bodies may
work together in a common cellular pathway (Liu and Gall, 2007).
Here we investigate the localization of SMN and the consequence
of smn mutations in Drosophila germline cells. Wild-type ﬂies have
high levels of SMN in the cytoplasm of nurse cells and oocytes, with
enrichment in U bodies. A mutant in which the SMN self-association
domain is disrupted shows aberrant organization of nurse cell and
oocyte chromosomes and nuclear organelles such as nucleoli, Cajal
bodies (CBs) and histone locus bodies (HLBs). Furthermore, mutations
in smn (a U body component) phenocopy the nuclear morphology
defects observed for mutations in cup and otu (P body components).
The close physical association and genetic interaction between U
bodies and P bodies suggests that they function in a common cellular
pathway, which may regulate multiple downstream events, including
nuclear organization. More detailed studies of U bodies and P bodies
will potentially give us new insights into the subcellular and
molecular mechanism of human neurodegenerative diseases.
Materials and methods
Fly stocks
Drosophila melanogaster stockswere raised at 21–23 °C on standard
cornmeal. Thewild-type ﬂy strainwas y w. smnA (smn73A0) used in this
studywas previously described as an smnmutant allele that contains a
missense mutation in the conserved self-association domain (Chan
et al., 2003). A hypomorphic smn allele, smnE33, was originally
generated by A. G. Matera (Rajendra et al., 2007). Transgenic ﬂiesthat express eIF4E-GFP were derived from Carnegie Protein Trap
Collection (Buszczak et al., 2007). cup alleles (fs(2)cupPF21 cn bw/CyO,
DTS4 and fs(2)cupWQ52 cn bw/CyO,DTS4) and otu11/FM6were obtained
from A. C. Spradling (Keyes and Spradling, 1997).
Generation of germline and mitotic clones
The FLP-DFS (yeast ﬂipase recombination target site-speciﬁc
recombinase-dominant female sterile) system described by Chou
and Perrimon (1996) was used to generate germline clones of smn. w;
smn73A0 FRT2A/TM3-Ser females were crossed to y w hsFLP; ovoD1
FRT2A/TM3-Ser (Chan et al., 2003). Resulting progeny were heat-
shocked at 37 °C for 1 h over 3 consecutive days, during the second
and third larval instar stages. The female progeny (y w hsFLP/w;
smn73A0 FRT2A/ovoD1 FRT2A) containing homozygous smn73A0 germ-
line clones were analysed. Mitotic clones were generated by crossing
w; smn73A0 FRT2A/TM3-Ser females to y w hsFLP; ubi GFP FRT2A/TM3-
Ser males. The resulting progeny were heat-shocked at 37 °C for 1 h
over 3 consecutive days, during the second and third larval instar
stages. Ovaries from the female progeny of genotype y w hsFLP/w;
smn73A0 FRT2A/ubi GFP FRT2Awere harvested and stained for GFP. Egg
chambers homozygous for the smn73A0 mutation were negative for
GFP in the germline, whereas wild-type egg chambers were marked
with GFP.
Whole-mount tissue preparation
Age-matched females were fed on wet yeast for 3–5 days in the
presence of males before their ovaries were dissected at room
temperature in Grace's Insect Medium (Grace, 1962) (Invitrogen Ltd.,
145L. Lee et al. / Developmental Biology 332 (2009) 142–155Paisley, UK) and ﬁxed for 10 min in 4% paraformaldehyde in PBS
(135 mM NaCl, 2.5 mM KCl, 4.3 mM Na2HPO4, and 1.5 mM KH2PO4,
pH 7.2). The paraformaldehyde was removed and the sample washed
for 30 min in PBS.
Immunostaining
All subsequent washes and incubations were performed at room
temperature in PBT (1× PBS+0.5% goat serum+0.3% Triton X-100).
Tissue was incubated with primary antibodies at room temperature
overnight. We used the following primary antibodies in this study:
mAb 72B9 against mouse ﬁbrillarin provided by K.M. Pollard, the
Scripps Research Institute, La Jolla, CA, USA (Reimer et al., 1987);
afﬁnity-puriﬁed rabbit polyclonal against Drosophila SMN provided byFig. 3. Nuclear organization of egg chambers from wild-type (y w) and smnA germline clon
female ﬂies, nurse cell chromosomes are well dispersed (A, C, E), while nurse cell chromosom
oocyte chromosomes are condensed into a karyosome (arrow). (B) Oocyte chromosomes in s
corner of the oocyte in the posterior region of a stage 9 wild-type egg chamber. (D) A nurse ce
occupy half of a y w stage 10 egg chamber. (F) Polytene-like chromosomes in nurse cells inva
stage 10 egg chambers (E, F) were out of focus.J. Zhou, University of Massachusetts Medical School, Worcester, MA,
USA (Hua and Zhou, 2004); rabbit polyclonal anti-GFP, Torrey Pines
BioLabs, Houston, TX, USA; rabbit anti-Lsm10, rabbit and guinea pig
anti-coilin provided by J. G. Gall, Carnegie Institution, Baltimore, MD,
USA (Liu et al., 2006b, 2009); mouse anti-HP1 provided by S. C, Elgin,
Washington University, St. Louis, MO, USA (James et al., 1989); rabbit
anti-Tral, eIF4E, and dDCP1 provided by J. E. Wilhelm, University of
California, San Diego, CA, USA (Wilhelm et al., 2005); rabbit and rat
anti-Cup provided by A. Nakamura, Riken Center for Developmental
Biology, Kobe, Hyogo, Japan (Nakamura et al., 2004). Samples were
washed and incubated overnight with secondary antibodies (Alexa
Fluor® 488- or 633-labelled goat anti-rabbit, rat or mouse IgG
(Invitrogen)) and Hoechst 33342. Samples were mounted in mount-
ing solution (50% glycerol in PBS).es (smn). DNA is stained with Hoechst (white). In stage 9–10 egg chambers from y w
es from smn (B, D, F) remain persistently undispersed, forming large globules. (A) y w
mn form two globules (arrows). (C) The oocyte nucleus (arrow) lies at the anterodorsal
ll invades into the oocyte (arrow) region in a stage 9 smn egg chamber. (E) 15 nurse cells
de into the oocyte region in a stage 10 smn egg chamber. Note that the oocyte nuclei in
Fig. 4. Nurse cell mitotic clones. Heat-shock induced mitotic recombination generates smnA homozygous nurse cells (A–C, GFP negative) in a wild-type background (GFP positive).
DNA is stained with Hoechst (white in B, E magenta in C, F). Chromosomes in smnA homozygous nurse cells (D–F, GFP negative) remain undispersed compared to those in the wild-
type nurse cells (A–C, GFP positive).
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D. melanogaster U2 snRNA antisense probes labeled with Alexa-
ChromaTide® Alexa Fluor® 488-5-UTP (C-11403, Invitrogen) or Cy5-Fig. 5. Chromosome defects in smnE33 egg chambers. (A) A stage 6 egg chamber. Most nurse
show mild chromosome dispersal defects (triangle, zoom-in in C). The oocyte nucleus is ind
Similarly, a mixture of nurse cells with blob-like chromosomes (arrow, zoom-in in E) and t
dispersal defect is not completely penetrant in this hypomorphic allele.UTP (PA53026, GE Healthcare UK Ltd, Buckingjamshire, UK) were
prepared by in vitro transcription from deoxy-oligonucleotides as
described previously (Liu et al., 2006a; Liu and Gall, 2007; Liu et al.,
2006b) with the following modiﬁcations. Probes were diluted in thecells show blob-like chromosomes (solid arrow, zoom-in in B) while some nurse cells
icated by an open arrow. (D) A stage 8 egg chamber. The oocyte nucleus is out of focus.
hose with dispersed chromosomes (triangle, zoom-in in F). Note that the chromosome
Fig. 6. Nuclear organelles in nurse cells from y w egg chambers (A, C, E, G) and smnA
germline clones (smn) (B, D, F, H). Nurse cells in all panels are from stage 8–10 egg
chambers. DNA is stained with Hoechst (magenta). (A, B) Nucleoli stained with an
antibody against ﬁbrillarin (green). (C, D) Histone locus bodies stained with an
antibody against Lsm10 (green). (E, F) Cajal bodies stained with an antibody against
Drosophila melanogaster coilin (green). (G, H) Heterochromatin stained with an
antibody against HP1 (green).
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SSC is 0.15 M NaCl+0.15 M Na citrate (pH 7)], 10 mM citric acid,
50 μg/ml heparin, 500 μg/ml yeast tRNA, 0.1% Tween 20, and 2 μg/ml
Hoechst. Fixed whole-mount tissues were washed with PBS and then
transferred into 500-μl tubes with ISM and stored at −20 °C or used
fresh. Tissues for in situ hybridization were transferred into 500 μl
tubes with 10 μl of probe with a ﬁnal concentration of 1:200 to
1:5000. The tubes were incubated at 37 °C or 42 °C in a water bath for
several hours or overnight depending on the probe size. Samples
were mounted onto slides in the hybridization mix.
Western blotting
For western analysis, ovaries from age-matched females of y w
and smn73A0 germline clones were dissected at room temperature in
Grace's Insect Medium (Invitrogen) and homogenised in lysis buffer
(50 mM Tris pH8, 150 mM NaCl, 1 mM EDTA, 1% NP40). Samples
were centrifuged twice at 13000 rpm at 4 °C to separate the yolk
and transferred into 2× LDS sample buffer (Invitrogen) with 1×
sample reducing agent (Invitrogen) then run at 150 V on a 4–12%
gradient gel using NuPage MES running buffer (Invitrogen). After a
standard transfer to nitrocellulose, the blot was blocked in TBST
(10 mM Tris pH 7.5, 150 mM NaCl, 0.05% Tween-20) with 5%
Marvel+1% BSA overnight at 4 °C. Blots were then incubated in
TBST+5% Marvel+1% BSA for 2 h at room temperature with
primary antibodies (rat anti-Cup 1:1000, a gift from Akira
Nakamura; rabbit anti-SMN, a gift from Jianhua Zhou; mouse anti-
alpha tubulin 1:5000, Sigma) and washed three times for 15 min in
TBST. Blots were then incubated in HRP-conjugated secondary
antibodies at 1:5000 (Amersham) for 1 h at room temperature
before being washed three times for 15 min in TBST. Bands were
visualised using the Super Signal West Dura Extended Substrate
chemiluminescent detection system kit (Pierce) and analysed for
size and intensity using Image J (NIH).
Microscopy
Images were taken under 20×, 40× or 63× objectives on a laser-
scanning confocal microscope (Zeiss LSM 510 META, Oberkochen,
Germany) and processed using Zeiss Lsm Image Browser. The original
confocal images were exported as JPEG ﬁles and processed using
Photoshop CS2 (Adobe Systems, Mountain View, CA, USA).
Results
SMN is expressed in germline cells and is highly enriched in U bodies
Polyclonal antibodies were used to determine the expression and
subcellular localization of the SMN protein. In the germarium, SMN is
highly enriched in the cytoplasm of germline stem cells and their
daughter cells, the cystoblasts (Fig. S1; Fig. 1A). The high level of
cytoplasmic SMN persists in the germline up to stage 10 egg
chambers, but appears by immunostaining to be at lower levels in
the surrounding somatic follicle cells. In the nucleus, SMN is limited to
one or few dotted structures previously shown to be Cajal bodies (Figs.
1B, C; (Gall, 2000, 2003; Liu et al., 2006b)). The SMN in the Cajal body
is not easily detectable because of the heavy cytoplasmic staining.
However, using confocal microscopy, we are able to observe that SMN
is enriched in the Cajal body, similar to previous observations in
vertebrate cells (Hebert et al., 2001).
SMN in early stage egg chambers is diffusely distributed
throughout the cytoplasm of germline cells. From stage 6, punctate
cytoplasmic structures with extremely intense SMN staining can be
distinguished from the already bright cytoplasmic staining. We
previously showed that these structures also contain a high level of
uridine-rich small nuclear ribonucleoproteins (U snRNPs), whichwe consequently termed U bodies (Liu and Gall, 2007). During the
early stages of oogenesis, the intensity of SMN staining and the
density of U bodies is similar in nurse cells and in the oocyte. At
later stages in oogenesis, the oocyte begins to accumulate more U
bodies, which concentrate in the posterior cortex of the oocyte
(Fig. 1D).
SMN is critical for nurse cell chromosome dispersal
smn73A0 (smnA) homozygotes die at larval stage due to the decrease
in maternally contributed smn from the heterozygous mother. A
previous study demonstrated that this allele contains a missense
mutation in the conserved self-association domain of the Drosophila
smn gene (Chan et al., 2003). To determine the role of SMN during
adult oogenesis, we examined smn73A0 germline clones using the FRT-
ovoD1 system.
In wild-type ovaries, SMN is abundant in germline cells from
germaria to mature eggs. In smnA germline clones, the SMN antibody
does not stain egg chambers after stage 4 (Fig. 2). Western blots
conﬁrm that the overall level of SMN in smnA/ovoD1 ovaries is greatly
decreased in comparison towild-type ovaries (Fig. S2A). These ovaries
are not protein nulls due to the presence of wild-type smn in pre-stage
4 egg chambers and somatic cells.
In wild-type ovaries, nurse cells initially undergo three endocycles
and display a distinct organization consisting of polytene chromo-
somes with a blob-like appearance (Dej and Spradling, 1999). Unlike
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chromosomes are not joined together, therefore each long arm forms a
separate blob. At the unique 5th endocycle these blob-like chromo-
somes become dispersed. Subsequently, nurse cell nuclei maintain
dispersed chromosomes (Figs. 3A, C, E) which undergo an additional 5
rounds of replication.
In smn germline clones, the nurse cell chromosomes fail to
disperse completely, with all the chromosomes persisting in a blob-
like state beyond stage 6 (Figs. 3B and D). From stage 10 onwards, the
nurse cell polytene chromosomes frequently occupy the periphery of
the nucleus such that in a single optical section, the nucleus appears
‘donut’-shaped (Fig. 3F). These chromosome dispersal defects are fully
penetrant. In addition, we observed a small fraction of egg chambers
that containedmore than 15 nurse cells or were undergoing apoptosis.
To address concern that the observed chromosome defect may be a
result of the ovoD1 system, we generated smnA homozygous cells in a
wild-type background via mitotic recombination without ovoD1. smnA
egg chambers were compared to wild-type egg chambers in adjacent
ovarioles from the same animal. We observed blob-like nurse cell
chromosomes in late stage smnA clones, while neighboring wild-type
egg chambers displayed complete chromosomal dispersal (Fig. 4). The
mitotic clonal analysis is therefore consistent with observations made
from smnA germline clones. We also observed chromosome dispersal
defects in a portion of late stage nurse cells from a hypomorphic allele
smnE33 (Fig. 5). This phenotype is not completely penetrant as female
adults can produce normal egg chambers and fertile eggs, consistent
with observations from a previous study (Rajendra et al., 2007).Fig. 7. SMN affects the structure of oocyte chromosomes. DNA is stained with Hoechst (white
position of the oocyte (zoom-in in D) is no longer at the most posterior (right) area. (C) Oocy
into a karyosome. (D–K) Oocyte nuclei from smn germline clone egg chambers showing vaNurse cell nuclear organelles have aberrant organization in smn
germline clones
To investigate the structure of nurse cell nuclei further, we used a
variety of markers to examine the organization of heterochromatin
and major morphological landmarks such as the nucleolus, the
histone locus body, and the Cajal body (Fig. 6).
Nucleolus
During stages 1–5 before chromosomal dispersal, the nucleolus
lies as an intact mass at the centre of nurse cell nuclei, occupying the
space between the blob-shaped chromosomes. Coincident with
chromosome dispersal after stage 6, the nucleoli expand and become
fragmented, presumably because the nucleolus organizer regions are
dispersed. Consistent with the non-dispersal phenotype of the
chromosomes, late stage nurse cells in smn mutant germline clones
have nucleoli that appear as a largemass (Fig. 6B). This is in contrast to
wild-type nurse cells, which have nucleoli that are fragmented into
small islands among well dispersed chromosomes (Fig. 6A).
Histone locus body (HLB)
HLBs occur at the histone gene locus and contain the U7 snRNP
which is important for histone pre-mRNA 3′ end processing (Liu and
Gall, 2007). In wild-type nurse cells, the HLB is a single dot at stages 1
and 2, elongates at stage 3, and separates into several bodies at stages
4 and 5. After the chromosomes disperse at stage 6, multiple HLBs
spread out to occupy a relatively large area (Fig. 6C). In stage 10 nurse). (A) A y w egg chamber. (B) An egg chamber from smnA germline clones. Note that the
te nucleus from a y w egg chamber (zoom-in view of A), with chromosomes condensed
rious phenotypic defects. Scale bars in C–K=2 μm.
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cell nuclei of mutant smn germline clones, HLBs are aligned linearly on
only one of the chromosome blobs, presumably chromosome arm 2Lwhere the histone gene cluster resides (Fig. 6D). Although the
organization of HLBs differs substantially between wild-type and
smnA homozygous nuclei, their number in nuclei of the same stage is
approximately the same, suggesting that SMN does not affect nurse
cell ploidy.
Cajal body
Cajal bodies are nuclear organelles that are thought to be the site of
assembly and modiﬁcation of RNA processing machinery (Gall, 2000,
2003). In wild-type egg chambers, the Cajal body often occurs as a
single dot in each nurse cell nucleus (Fig. 6E). At stages 9 and 10, nurse
cell Cajal bodies break apart to form numerous small foci throughout
the nucleus. Later these foci disappear entirely. In most smnA mutant
egg chambers, we failed to detect a distinct Cajal body with antibodies
against Drosophila coilin (Liu et al., 2009), a marker for Cajal bodies
(Fig. 6F). In less than 10% of egg chambers, we saw bright dots stained
with coilin in nurse cell nuclei.
Heterochromatin
In wild-type nurse cells, HP1 stains heterochromatin which is
located in many large and small punctate structures dispersed
throughout the nucleus (Fig. 6G). In contrast, in smnA germline
clones, HP1 stain is distributed as large clusters lying between the
euchromatic blobs of the undispersed chromosomes (Fig. 6H).
Collectively, these results indicate that SMN affects nurse cell
chromosome organization as a whole.
Disruption of smn affects the position and morphology of the
oocyte nucleus
In smnA germline clones, we observed defects in the proper
positioning of the GV within the developing oocyte. In a small fraction
of egg chambers, the GV does not localize at themost posterior region.
Conversely, some nurse cell nuclei invade the posterior region
typically occupied by the GV (Figs. 7A, B). In some stage 10 smnA
egg chambers, the oocyte is smaller than observed in wild-type and
the nurse cell-oocyte boundary is shifted to the posterior end, with a
few nurse cells being covered by the overlying follicle cell layer
(Fig. 3F). Karyosome position defects were also observed in some egg
chambers from a hypomorphic allele, smnE33 (Fig. S3). In addition, we
observed a variety of karyosome defects in smnA germline clones. In
contrast to the compact mass in the wild-type GV, karyosomes in
smnA germline clones are not completely compacted (Figs. 7C–K).
Occasionally, one or more of the chromosome arms extend from the
central mass, or the chromosomes are spread throughout the GV.
Frequently the decondensed chromosomes appear irregularly rod-
shaped instead of spherical.
Althoughweweremainly focusingon germline cells in this study,we
did observe nuclear architecture defects in smnA homozygous somatic
cells. For example, wild-type follicle cells in stage 10 egg chambers are
dispersedwithdiscrete Cajal bodies, shownbystainingwithanantibody
against coilin. However, smnA follicle cells often exhibit condensed
chromosomes without detectable Cajal bodies (Fig. 8).
smn germline clones phenocopy two P body mutants, cup and otu
As shownpreviously, SMN is enriched in U bodies, which have high
levels of snRNPs such as spliceosomal snRNPs and the U7 snRNP (Liu
and Gall, 2007). Biochemical studies suggest that SMN is important for
snRNP assembly. U bodies are thought to be involved in snRNPFig. 8. Follicle cell mitotic clones. Heat-shock induced mitotic recombination generates
smnA homozygous follicle cells (GFP negative) which lie close to wild-type follicle cells
(GFP positive). (A) GFP alone. (B) DNA alone. Note that smn mutant cells have
condensed chromosomes and the cells are not as well-organized as wild-type cells. (C)
Coilin staining shows discrete Cajal bodies inwild-type cells but not in mutant cells. (D)
A merged image.
Fig. 9. U bodies and P bodies in egg chambers from y w female ﬂies. DNA is stained with Hoechst (blue). (A–F) eIF4E (green) and Cup (red) colocalize in P bodies showing punctate
structures in nurse cells and enrichment in the oocyte. (D–F) Zoomed images of A–C. (G–L) U bodies stained with SMN (red) associatewith P bodies stained with eIF4E (green). (J–L)
Zoomed images of G–I. Note that the images in G–I are overlays of 12 projections, while images in J–L are from one projection.
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Assembled snRNPs import into the nucleus, where they concentrate in
Cajal bodies or histone locus bodies. Double labelling with the P bodyFig. 10. U bodies and P bodies in cup egg chambers. DNA is stained with Hoechst (magenta). N
antibody against dDcp1, green) in the cup egg chamber are very small. Note that there is slig
bodies (stained with an antibody against SMN, green) are almost undetectable in the cup emarker eIF4E and the U body marker SMN conﬁrms our previous
observation that all U bodies associate with P bodies, though not all P
bodies associate with U bodies (Fig. 9; Liu and Gall, 2007). Disruptionote that the nurse cell chromosomes remain undispersed. (A) P bodies (stained with an
ht enrichment in the oocyte which localizes at the most posterior (right) region. (B) U
gg chamber.
Fig.11.U bodies and P bodies in otu egg chambers. DNA is stained with Hoechst (white in C and G, blue in D and H). Note that the nurse cell chromosomes are not dispersed. (A–D) An
otu egg chamber, showing small P bodies (A, Cup) and no detectable U bodies (B, SMN). (E–H) Part of an otu egg chamber showing P bodies (E, Cup) which aggregate in one nurse
cell, which is embedded with large U bodies (F, SMN). Note that the biggest U body (F, red arrow) still associates with tiny P bodies (E, green arrows).
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changes in U body organization, suggesting that U bodies and P bodies
interact (Liu and Gall, 2007).
The phenotypes observed in smnA germline clones – defects in
nurse cell chromosomal dispersal and oocyte chromosome conden-
sation – are very similar to the previously reported mutations in the P
body components cup and otu.Fig. 12. Expression of U2 snRNA in y w and smnA germline clone (smn) nurse cells detected by
magenta in C and F). (A–C) In yw stage 10 nurse cells, thoughmainly expressed in the nuclei, U2
cells, U bodies are undetectable by U2 FISH though nuclear expression of U2 is obvious. Despite
overlaps with the chromosomal area and is absent from most parts of nucleoli (C, F). Note thaCup has been found to interact directly with eIF4E, a P body
component (Nakamura et al., 2004; Nelson et al., 2004; Wilhelm
et al., 2003). Consistent with previous studies, we observed that Cup
precisely colocalized with eIF4E in the egg chamber (Figs. 9A–F). Both
exhibit the typical P body pattern; staining which is punctate in the
nurse cells and highly enriched in the ooplasm. In stage 10 egg
chambers, P bodies are highly enriched at the posterior cortex of theﬂuorescence in situ hybridization (FISH). DNA is stained with Hoechst (white in A and D,
is also highly enriched inmultiple U bodies in the cytoplasm. (D–F) In smn stage 10 nurse
the difference in chromosome organization in y w and smn nurse cells, nuclear U2mainly
t weak U2 signal is detectable in the central regions of nucleoli in smn nurse cells (E, F).
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genetically interact (Keyes and Spradling, 1997). cup alleles show a
nurse cell chromosome dispersal defect, which is also a feature of otu
mutants.
SMN distribution and U bodies are abnormal in two P body mutants,
cup and otu
To further investigate the relationship between U bodies and P
bodies, we looked at the organization of U bodies in cup and otu
mutant egg chambers (Fig. 10). In cupmutant egg chambers, we found
that P bodies become very small in nurse cells although they are still
enriched in the oocyte (Fig. 10A). In many cases, we failed to detect
any U bodies by confocal microscopy following SMN staining
(Fig. 10B). Occasionally, we detected very small U bodies in some
cup mutant egg chambers.
A variety of abnormal U body patterns have also been observed in
otumutant egg chambers (Fig. 11). U bodies are not apparent in many
of these egg chambers (Figs. 11A–D). Occasionally we observed
abnormally large U bodies with some tiny resident P bodies, as well as
unusually large U bodies embedded within large P body aggregatesFig. 13. P bodies stained with Cup (green) in y w (A, C, E, G) and smnA germline clones
(smn) (B, D, F, H). DNA is stained with Hoechst (magenta). (A) Nurse cells from a y w
egg chamber, showing well connected and abundant P bodies in the cytoplasm. (B)
Nurse cells from an smn egg chamber, showing aggregation of P bodies. (C) In a y w
stage 10 egg chamber, P bodies have become smaller in comparison to P bodies at stage
8 (A). (D) Giant P bodies form in nurse cells in stage 10 smn egg chambers. (E) P bodies
are enriched in the oocyte which localizes at the posterior region of a stage 8 y w egg
chamber. (F) P bodies still aggregate in the oocyte which does not localize at the
posterior region of a stage 8 smn egg chamber. (G) In stage 10 y w oocytes, P bodies are
mainly distributed at the cortex. (H) In a stage 10 smn GLC egg chamber, P bodies
extend from the cortex deep into the interior of the ooplasm.(Figs. 11E–H). It is worth emphasizing that despite the size or pattern
changes in mutant egg chambers, U bodies always associate with P
bodies (Fig. 11H).
U bodies and P bodies are disorganized in smn germline clones
Using antibodies or RNA probes to detect U body components
(proteins or RNAs), we found that U bodies are not visible in smnA
germline clones (Fig. 12), suggesting that SMN is critical for U body
maintenance.
Using Cup as a P body marker, we show that P body organization is
altered in smnA germline clones (Fig. 13). In wild-type nurse cells, P
bodies appear as closely associated particles (Figs. 13A, C). In smnA
germline clone egg chambers, P bodies become less connected and a
few large P bodies form (Figs. 13B, D). P bodies are still abundant and
enriched in smnA mutant ooplasm but they are less organized,
frequently forming aggregates (Fig. 13F). At stage 10, P bodies are
enriched at the posterior cortex of wild-type egg chambers (Fig. 13G),
whereas in smnA germline clone egg chambers, the P bodies are more
diffusely distributed and are no longer enriched at the posterior cortex
(Fig. 13H). To conﬁrm that this altered P body morphology is not
speciﬁc to the distribution of Cup, we used markers against other P
body proteins such Dcp1, Tral, and eIF4E, and consistently found that P
bodies are disorganized in nurse cells and oocytes (Fig. S4).
Interestingly, P bodies in smnA germline clone egg chambers show
ooplasmic enrichment even though the position of the oocytes within
the egg chambers can be variable. Though we observe dramatic
changes in the pattern and localization of P body components
including Cup, Western blot analysis indicates that the overall level
of Cup protein in smnA mutant ovaries is not signiﬁcantly different to
that of wild-type ovaries (Fig. S2B).
Discussion
Subcellular distribution of SMN
Our ﬁndings demonstrate that mutation of the U body component
SMN causes disruption of P bodies and exhibits very similar
phenotypes to those of P body mutants during Drosophila oogenesis.
SMN has been shown to be ubiquitously expressed in all cell types,
which correlates with its essential role in fundamental cell processes
such as snRNP biogenesis and RNA splicing (Fischer et al., 1997; Liu et
al., 1997; Pellizzoni et al., 1998; Zhang et al., 2008). However, the
expression level of SMN is not uniform among different cell types.
Here we observe various levels of SMN within Drosophila ovaries.
Although SMN is detectable in somatic cells, germline cells in egg
chambers show much higher expression of SMN. The differential
expression of SMN in somatic cells and germline cells may reﬂect the
different activities of RNA metabolism in these cells. Alternatively, the
high levels of SMN in germline cells may act as a store for subsequent
use during embryogenesis.
Consistent with previous studies, we found that SMN is mostly
distributed in the cytoplasm of nurse cells and oocytes. The
concentration of SMN in the ooplasm is similar to that in the nurse
cell cytoplasm. However, the distribution of SMN is not uniform
subcellularly. SMN is undetectable in the nucleoplasm with one
exception — Cajal bodies are enriched with SMN. In the cytoplasm,
concentrated spherical structures known as U bodies can be detected
above the bright cytoplasmic background.
The enrichment of SMN in the U body and the Cajal body is likely
related to snRNP biogenesis since both organelles contain high levels
of snRNPs. However, the pattern of SMN is not identical to the pattern
of snRNPs. In the nucleus, snRNPs are enriched at sites other than the
Cajal body, namely on the chromosomes and in structures that are
believed to be sites of splicing, known as speckles (Huang and Spector,
1992). In the cytoplasm, snRNPs are only detectable in U bodies,
153L. Lee et al. / Developmental Biology 332 (2009) 142–155whereas SMN staining is bright in both the cytoplasm and in U bodies.
Overall, the levels of snRNPs in the nucleus are much higher than
those in the cytoplasm, while the distribution of SMN is the reverse;
higher in the cytoplasm than in the nucleus (Fig. 1 and Liu and Gall
(2007)). Why do snRNP and SMN distributions differ from one
another? It is possible that snRNP distribution reﬂects both snRNP
assembly and snRNP activity, whereas SMN reﬂects only snRNP
assembly. Alternatively, SMN may have a function in the cytoplasm
that is independent of snRNP assembly.
Relationship between U bodies and P bodies
There are four lines of evidence that support the hypothesis that U
bodies and P bodies interact with each other.
U bodies associate with P bodies
This study, consistent with previous observations, demonstrates
that U bodies invariably associate with P bodies, although the absolute
number of bodies may vary from cell to cell (Liu and Gall, 2007).
However, P bodies are not always found to be associatedwith U bodies.
This may be due to the signiﬁcantly larger number of P bodies than U
bodies in a cell. It is not known whether U body-free P bodies are
functionally different from U body-associated P bodies. In some cases,
many U bodies are clustered together surrounding one or more P
bodies. The association of the U body with the P body is not disrupted
evenwhen the size and number of U bodies and/or P bodies change, as
observed in many mutants. This suggests that there is a mechanism to
maintain the connection between these two speciﬁc cytoplasmic
domains that is not disrupted in mutants of P body components.
Mutations in U body and P body components show similar phenotypes
smnA germline clones display similar nuclear morphology pheno-
types to mutants in P body components. Analysis of combined
mutations in U bodies and P bodies are underway to address theFig. 14. Aworking model for the U body–P body (Ub–Pb) pathway. U bodies (red) and P bod
downstream events including the function and organization of chromosomes and nuclear o
either is perturbed could lead to the disruption of the Ub–Pb pathway. Note that unknown
indicated as X, Y, Z.possible genetic interaction among the components in these two
related cytoplasmic structures.
U body patterns are disrupted in P body mutants
We have previously shown that disruption of P body components
such as Trailer-hitch or Ago2 leads to changes in U body organization
(Liu and Gall, 2007). In this study, we demonstrate that disruption of
either one of two other P body components, Cup and Otu, leads to
abnormal U body distribution and size. Collectively, these results
indicate that P bodies are important for normal organization of U
bodies.
P body patterns are disrupted in a U body mutant
Using multiple P body markers, we have shown that P body
patterns are altered in cells in which the U body component SMN is
disrupted. This suggests that factors in the U body can inﬂuence the
structure of P bodies.
U body–P body pathway
How does SMN regulate nuclear structure and function? We
hypothesize that SMN regulates nuclear organization through the U
body–P body (Ub–Pb) pathway (Fig. 14), where the U body and the P
body, two specialized cytoplasmic domains, work together to regulate
a series of downstream events including nuclear organization.
U bodies and P bodies associate and interact with each other, but
remain physically and characteristically distinct from one another. The
results from these experiments suggest it is likely that U bodies and P
bodies are interdependent, and that components required by one may
be regulated by machinery in the other, or vice versa. Moreover, the
normal organization of the U body–P body association may simply
reﬂect the balance between U bodies and P bodies. Any interference
with this balance could impair the Ub–Pb pathway, which in turn, may
lead to abnormal organization of U bodies and/or P bodies.ies (green) function together to deﬁne a cellular pathway that is required for a series of
rganelles. The loss of balance in the interaction between U bodies and P bodies when
factors involved in this pathway that are not components of U bodies or P bodies are
154 L. Lee et al. / Developmental Biology 332 (2009) 142–155Both U bodies and P bodies are conserved structures in many cell
types in multiple organisms. It would be particularly interesting to see
how the Ub–Pb pathway works in other cell types such as neurons.
Some human neuronal diseases are determined by factors in U bodies
andPbodies. Factors that inﬂuence egg chamberdevelopmenthave also
been shown to play key roles in the neuron,making the egg chamber an
appropriate system in which to investigate the role of SMN. For
example, low expression of SMN causes SMA,while Fragile X Syndrome
ismainly determined by Fragile XMental Retardation Protein (FMRP), a
P body component (Barbee et al., 2006). Indeed, a recent study has
shown that SMN associates with FMRP in vitro and in cellulo (Piazzon
et al., 2008). It is our hope that more detailed studies of U bodies and P
bodies will give us new insights into the subcellular and molecular
mechanism of human diseases such as Fragile X Syndrome and SMA.
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